† C.C.S and V.V contributed equally to this study.
While ESAs improve the quality of life and reduce transfusion requirements, they have not been demonstrated to improve other adverse outcomes associated with anemia of CKD, such as cardiovascular disease and mortality, in prospective randomized controlled trials [1] . In fact, recent clinical trials have raised important safety concerns about using ESAs, including an increased risk of death, cardiovascular events and stroke, particularly when ESAs are used in higher doses to target higher Hb levels, and in hyporesponsive patients [3] [4] [5] [6] [7] .
CKD patients are prone to iron deficiency due to increased blood loss [8] , increased iron utilization from ESA therapy [9] and poor dietary iron absorption [10] . Limited iron availability contributes to anemia and ESA hyporesponsiveness in CKD patients, and iron administration has been demonstrated to raise Hb levels and reduce ESA requirements [1, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Consequently, iron status monitoring tests and iron administration to patients with low transferrin saturation and low ferritin are part of the mainstay of anemia management in CKD patients [1] . However, a common feature of anemia of CKD is functional iron deficiency or reticuloendothelial cell iron blockade, characterized by limited available circulating iron for efficient erythropoiesis despite adequate or elevated total body iron stores, often manifested as low serum transferrin saturation and elevated serum ferritin [23] . Guidelines for iron administration in these patients are limited by insufficient available data, and concerns over efficacy and toxicity [1] , including the potential for secondary iron overload, oxidant-mediated tissue injury and/or infectious complications [24, 25] .
Excess levels of the liver iron regulatory hormone hepcidin are hypothesized to cause the reticuloendothelial cell iron blockade and poor dietary iron absorption observed in anemic CKD patients [26, 27] . Hepcidin regulates systemic iron balance by downregulating the iron exporter ferroportin, effectively controlling intestinal iron absorption and iron release from body stores [28] . Hepcidin levels are elevated in CKD patients, presumably due to reduced kidney clearance and increased production by inflammatory signals [26, [29] [30] [31] , with the interleukin-6 (IL-6)-signal transducer and activator of transcription 3 (STAT3) pathway being the most well-described inflammatory pathway involved in hepcidin regulation [26] .
The bone morphogenetic protein 6 (BMP6)-SMAD signaling pathway is central to hepcidin transcriptional regulation in the liver [32] [33] [34] [35] [36] [37] . There appears to be a crosstalk between the BMP-SMAD and the IL-6-STAT3 pathways in hepcidin regulation, possibly at the level of the hepcidin promoter [34, 38] . Indeed, BMP inhibitors have been shown to inhibit inflammatory-mediated hepcidin expression both in vitro and in vivo [39] [40] [41] [42] .
Adenine treatment in rats has been proposed as an animal model of anemia of CKD with high hepcidin levels that mimics the clinical condition [43, 44] . However, prolonged adenine treatment causes a high mortality rate and the hematologic and iron phenotype of the adenine model has not been fully characterized.
Here, we generated a modified adenine model that improves survival while maintaining persistent kidney disease and anemia, and we characterized its hematologic profile, iron status and hepcidin expression. We then investigated whether the small molecule BMP inhibitor LDN-193189 inhibited hepcidin expression and mobilized stored iron into plasma to correct the reticuloendothelial cell iron blockade and anemia in this model.
M E T H O D S

Animals
All animal protocols were approved by the Institutional Animal Care and Use Committee at the Massachusetts General Hospital (MGH) and used 8-week-old Wistar male rats (Charles River Labs).
For the original adenine model, rats received a control diet (Prolab 5P75 Isopro RMH 3000, 380 p.p.m. iron) or a similar diet supplemented with 0.75% adenine (Harlan Teklad) for 6 weeks. Tail vein phlebotomy (0.5-1 mL) was performed weekly, and rats were sacrificed at Weeks 4 and 6.
For the modified adenine model, rats were fed a 0.75% adenine diet for 3 weeks followed by a control diet for 5 weeks (modified adenine). Alternatively, rats were given a control diet throughout all 8 weeks (control). Phlebotomy was performed every 2 weeks, and rats were sacrificed at 1, 2, 4, 6 and 8 weeks.
For LDN-193189 experiments, rats treated per the modified adenine model received either intraperitoneal (i.p.) injections of LDN-193189 ( produced as described previously [45] ) at 8 mg/kg in 20% 2-hydroxypropyl-β-cyclodextrin (SigmaAldrich) in PBS (modified adenine LDN) or an equal volume of vehicle alone (modified adenine) daily for 5 weeks, starting 1 week after initiation of the adenine diet. A control group was fed a control diet for 6 weeks and treated with daily i.p. injections of vehicle starting at Week 1. Phlebotomy was performed every 1-2 weeks and rats were sacrificed 6 h after the last injection (see Figure 1) .
RNA extraction and quantitative real-time RT-PCR Liver total RNA was isolated, and real-time quantification of hepcidin mRNA (Hamp) relative to the housekeeping hypoxanthine-guanine phosphoribosyltransferase mRNA (Hprt) was performed using two-step reverse-transcribed polymerase chain reaction (RT-PCR) with the ABI Prism 7900HT Sequence Detection system as previously described [46] utilizing primers summarized in Supplementary Table S1 .
Western blot
Nuclear extracts were prepared and analyzed for phosphorylated-STAT3 relative to STAT3 and phosphorylated-SMAD1/5/8 relative to total SMAD1 protein expression by western blot as previously described [47] , followed by chemiluminescence quantitation using ImageJ [48] .
Hematologic analysis
Hematologic parameters were assessed in whole blood using the ADVIA 2120i and analyzed with multispecies software using rat settings at Children's Hospital Boston, or the
Heska HemaTrue Veterinary Hematology Analyzer at the MGH Veterinary Clinical Pathology Laboratory.
Renal, liver function and electrolyte analyses Serum samples were analyzed using a Heska DRI-CHEM veterinary chemistry analyzer at the MGH Veterinary Clinical Pathology Laboratory.
Serum iron measurements
Serum iron and unsaturated iron-binding capacity (UIBC) were measured by a colorimetric assay using the Iron/UIBC kit (Thermo Electron Corp), and transferrin saturation was calculated as previously described [39] .
Tissue iron measurement
Quantitative measurement of nonheme iron was performed on spleen tissue as previously described [39] .
ELISA Serum EPO and IL6 concentrations were measured using mouse/rat EPO serum/plasma singleplex immunoassay (Meso Scale Discovery) and rat IL6 ELISA (Thermo Scientific) kits according to manufacturers' protocols.
Statistics
Data are expressed as mean + SEM. The Kaplan-Meier method was used to analyze survival rates with the Logrank test to determine statistical significance. Other data were evaluated by two-tailed Student's t-test or ANOVA with the Bonferroni post-hoc test for multiple comparisons using Prism (GraphPad). P < 0.05 was considered statistically significant.
R E S U LT S
A modified adenine model improves survival and maintains persistent kidney disease We established an adenine-induced rat model of anemia of CKD [43, 44] in our laboratory to perform a more detailed characterization of the anemia phenotype, with the ultimate aim to test hepcidin-lowering agents as a new treatment strategy for disordered iron homeostasis and anemia of CKD. We found that a continuous 0.75% adenine diet leads to a very high mortality rate of 60% by 6 weeks (original adenine, Figure 2A ). Although mortality was not mentioned by Hamada et al. [43, 44] , a similarly high mortality rate was reported by other groups [49] .
Treatment with an adenine diet for 4 weeks followed by a normal diet was previously reported to maintain persistent kidney disease and anemia with improved survival to 81%, while an adenine diet for 2 weeks followed by a normal diet improved survival to 100%, but resulted in reversible kidney disease and only mild anemia [49] . To improve survival further, but maintain persistent kidney disease and more severe anemia, we tested the effects of a 0.75% adenine diet for 3 weeks followed by a control diet for 5 weeks (modified adenine).
Rats receiving the modified adenine diet greatly improved their survival rate to 98.6%, which was not statistically different from control rats on a normal diet ( Figure 2A ). Modified adenine rats exhibited a significant increase in serum creatinine (CRE) and blood urea nitrogen (BUN) that peaked at Week 3, and remained significantly increased 3 to 4-fold over the control group at Week 8, indicating persistent kidney disease with just 3 weeks of an adenine diet ( Figure 2B and C). Modified adenine rats exhibited a small increase in serum potassium, but showed no other significant electrolyte imbalance or liver toxicity compared with the control group (Table 1) .
A modified adenine model exhibits irreversible anemia, hypoferremia, reticuloendothelial cell iron blockade and hepcidin excess Modified adenine rats developed anemia associated with kidney disease at Week 4 that persisted to Week 8 with Hb 9 g/dL and hematocrit 25% ( Figure 3A and Supplementary Figure S1B ). The decrease in Hb was due largely to a decrease in red blood cell (RBC) production as evidenced by a drastic reduction in reticulocytes at Week 1 ( Figure 3B ). The reticulocyte count remained decreased until Week 5, when it approached the level in control animals, but remained inappropriately low relative to the degree of anemia ( Figure 3B ). Adenine treatment also markedly decreased iron incorporation into reticulocytes from Weeks 1-3, as measured from the content of hemoglobin in reticulocytes (CHr) ( Figure 3C Figure S1G-H) , possibly an indication of inflammation and/or iron deficiency [50] . Thus, modified adenine rats developed a hypoproliferative, microcytic anemia within 4 weeks, characterized by a clear lack of iron incorporation into reticulocytes up to Week 3.
O R I G I N A L A R T I C L E adenine diet (Supplementary
Consistent with the decreased CHr, modified adenine rats exhibited reduced serum iron and transferrin saturation from Weeks 1 to 3 compared with control rats (Figure 3D and E). Modified adenine rats also exhibited iron retention in the spleen throughout the entire experimental period ( Figure 3F ). These data are consistent with a reticuloendothelial cell iron blockade. Interestingly, by Weeks 5 to 6, serum iron, transferrin saturation and CHr increased to surpass the level in control animals, suggestive of some improvement in iron availability after Week 3 in this model.
Hepcidin excess is thought to cause the functional iron deficiency and reticuloendothelial cell iron blockade seen in anemic CKD patients [26, 27, [29] [30] [31] . We, therefore, quantitated hepatic hepcidin (Hamp) mRNA in modified adenine compared with control rats. Hamp expression was increased by 3-fold within 1 week of adenine treatment and remained high until 4 weeks compared with control animals, but then decreased at Weeks 6-8 to or below the level of control animals ( Figure 3G ). The decrease in Hamp at later time points corresponded to increased iron availability for erythropoiesis, manifested by increased serum iron, transferrin saturation and CHr ( Figure 3C -E). These data suggest that hepcidin excess may be at least in part responsible for the reticuloendothelial cell iron blockade and anemia of this modified adenine model, particularly in the early phase.
To understand the mechanism of the hepcidin increase in the modified adenine group, we quantitated liver phosphorylated-STAT3 ( pSTAT3) and serum IL-6 levels by western blot and ELISA assay as a measure of inflammation, and we quantitated liver phosphorylated SMAD1/5/8 ( pSMAD1/5/8) levels by western blot as a measure of BMP-SMAD signaling. Liver pSTAT3 levels were robustly increased at Weeks 1-4, but were not significantly changed at Week 8, in the modified adenine group compared with the control group ( Figure 3H and I) , mirroring hepcidin levels ( Figure 3G ). Serum IL-6 serum levels were below the level of detection for all samples (data not shown), as previously described by others [43] . Liver pSMAD1/5/8 levels were slightly but significantly increased in the modified adenine group at Week 2, but were not significantly different from the control group at other time points, and overall showed much more variability than pSTAT3 levels (Supplementary Figure S2) . LDN-193189 lowers hepcidin, mobilizes spleen iron stores, increases serum iron and increases iron incorporation into reticulocytes in a modified adenine model Next, we investigated whether lowering hepcidin, by pharmacologic treatment with a small molecule BMP inhibitor LDN-193189 (LDN), would mobilize stored iron from reticuloendothelial macrophages, increase iron availability for erythropoiesis and ameliorate anemia in the modified adenine model (Figure 1 ). We treated rats starting at Week 1 of the adenine diet, when we observed increased hepcidin, reduced serum iron, spleen iron sequestration and reduced CHr suggestive of functional iron deficiency (Figure 3) . We chose not to start treatment at a later time because although the anemia persisted, serum iron, CHr and hepcidin levels improved on their own by Weeks 4-6 ( Figure 3) .
After 5 weeks of LDN treatment, hepatic hepcidin expression was dramatically downregulated (modified adenine LDN) compared with vehicle-treated adenine rats (modified adenine) ( Figure 4A ). The effect of hepcidin inhibition was evident by Weeks 3 and 5, when serum iron and transferrin saturation were significantly increased in LDN-treated compared with vehicle-treated rats ( Figure 4C and D) . This surge in circulating iron was at least in part due to the release of stored iron from reticuloendothelial macrophages in the spleen, since LDN-treated rats had a significantly decreased spleen iron content compared with their vehicle-treated counterparts ( Figure 4B ). Indeed the spleen iron content in LDN-treated adenine rats at Week 6 was similar to the control diet group ( Figure 3F ). Importantly, this surge of iron availability correlated with an increase in CHr and MCVr at Week 5 ( Figure 5A and B) , suggesting that the iron was being efficiently incorporated into reticulocytes. The overall MCV and MCH were also significantly increased by Week 6 ( Figure 5E and F). However, LDN treatment alone during this time course caused only a trend towards increased reticulocyte count, and did not correct Hb levels in the adenine rats ( Figure 5C and D) .
Adenine acutely decreases circulating erythropoietin to undetectable levels
To understand the contribution of EPO deficiency to the anemia of the modified adenine model, we measured serum EPO levels in rats maintained on a control diet compared with modified adenine diet rats in the absence and presence of LDN treatment. Serum EPO levels were below the limit of detection after 1 week of adenine treatment (Figure 6 ), directly corresponding to the precipitous drop in reticulocyte counts ( Figure 3B) . However, at Week 6, EPO levels in modified adenine rats with or without LDN treatment returned to a similar level as control rats, comparable to what has been reported in human CKD patients. 
O R I G I N A L A R T I C L E
A h e p c i d i n l o w e r i n g a g e n t m o b i l i z e s i r o n f o r i n c o r p o r a t i o n i n t o R B C s
D I S C U S S I O N
Anemia of CKD is currently treated with ESAs and supplemental iron [1, 2] . However, existing therapies have been associated with increased morbidity and mortality in several clinical trials [3] [4] [5] [6] [7] , not all patients respond adequately [1] , and these therapies do not fully address the underlying pathophysiologic mechanisms of this disease [26, 27] . CKD patients, particularly hemodialysis patients, have excess levels of the iron regulatory hormone hepcidin [29] [30] [31] , and hepcidin excess is proposed to contribute to the anemia of CKD by limiting iron availability for erythropoiesis [26, 27] . Here, we developed an animal model of anemia of CKD with hepcidin excess, and tested whether pharmacologic intervention to lower hepcidin expression corrected the functional iron deficiency that contributes to the anemia in this setting. Dietary supplementation with adenine is thought to induce kidney disease in rats primarily due to the obstruction of renal tubules by 2,8-dihydroxyadenine crystals [49] . The adenine model is often used to study anemia of CKD because it better reflects the severe anemia seen in patients compared with the widely used 5/6 nephrectomy CKD model that exhibits a milder anemia without alterations in serum iron parameters [51] [52] [53] . Eight weeks of 0.75% adenine diet was also recently demonstrated to increase hepcidin levels in rats [43] . However, a full characterization of the hematologic and iron parameters in the adenine model has been limited [43, 49, 54] , and the mortality rate of a continuous adenine diet is prohibitively high (60-70% at 6 weeks) (Figure 2A ) [49] . We, therefore, F I G U R E 3 : Rats treated with the modified adenine diet develop increased hepatic hepcidin mRNA, splenic iron sequestration, decreased serum iron and transferrin saturation, decreased reticulocyte count, decreased Hb content of reticulocytes and persistent anemia compared with rats on a control diet. Rats treated with a modified adenine diet as described in Figure 1 (closed squares or black bars) or a control diet (open squares or white bars) were analyzed for (A) Hb, (B) reticulocyte count, (C) hemoglobin content of reticulocytes (CHr), (D) serum iron, (E) serum transferrin saturation (Tf Sat), (F) spleen iron content, (G) liver hepcidin mRNA (Hamp) relative to hypoxanthine-guanine phosphoribosyltransferase mRNA (Hprt) quantitated by real-time RT-PCR and (H and I) liver pSTAT3 relative to STAT3 protein analysis by western blot every 1-2 weeks either by phlebotomy or at the time of sacrifice. Blood analysis at Week 8 was performed on the Heska HemaTrue at MGH, which does not have the capacity to measure reticulocyte counts or CHr. For panels A-E, sample sizes for each group at each time point are shown below the panels (CTL, control; MA, modified adenine). For panels F-H, sample sizes for each group are 3-12. For panel I, representative blots of three animals per group were shown. For all panels, **P < 0.01, *P < 0.05 and^P = 0.05 for the modified adenine group in comparison to the control group at the same time point.
developed a modified adenine model by giving a 0.75% adenine diet for 3 weeks followed by a normal diet. With this modification, we demonstrated a higher survival rate than other previously published models [43, 49, 54] , while maintaining persistent kidney disease and anemia. Moreover, we demonstrated that adenine-treated rats have, at least transiently, increased hepatic hepcidin mRNA, decreased serum iron, increased spleen iron content, low Hb and inappropriately low EPO levels relative to the degree of anemia, reflective, to some extent, of the clinical condition in anemic CKD patients.
Our data provide the first proof-of-concept evidence that pharmacologic hepcidin lowering strategies can improve iron availability for erythropoiesis in an animal model of anemia of CKD. We showed here that the small molecule BMP inhibitor LDN-193189 lowered endogenous hepcidin production, mobilized stored iron, increased serum iron levels and increased iron incorporation into RBCs, as evidenced by increased CHr, MCVr, MCV and MCH. Previous studies in CKD patients suggest that iron deficiency can contribute to anemia and ESA hyporesponsiveness, and that iron therapy can raise Hb levels and reduce ESA requirements [1, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . By improving dietary iron absorption and iron mobilization from the patient's own body stores, hepcidin lowering strategies could provide an alternative and/or adjunctive therapy that minimizes the potential adverse consequences of high doses of ESAs and repeated i.v. iron administration. This would be particularly attractive for patients with low serum transferrin saturation and high serum ferritin, for whom current management guidelines are limited [1] . Future studies will be needed to determine whether there are any adverse consequences of inhibiting BMP signaling and/or hepcidin, such as increasing the risk of bacterial infection.
Despite an increase in serum iron and improvement in iron incorporation into RBCs, treatment with LDN-193189 alone did not prevent anemia progression in our model. This contrasts with studies in two other models of anemia of chronic disease without kidney disease, where treatment with LDN-193189 alone ameliorated anemia [40, 42] . In another anemia of the chronic disease model without kidney disease, a blocking hepcidin antibody alone did not prevent anemia development, but did improve anemia when co-administered with ESAs [55] . One explanation for the differences is that EPO deficiency may play a more prominent role in anemia of CKD compared with some other chronic diseases.
Indeed, we found that EPO levels dramatically fell and were undetectable at 1 week in the modified adenine model, corresponding to the precipitous drop in reticulocyte counts. It seems likely that the severe EPO deficiency of the early phase of this model was a limiting factor in the correction of anemia with LDN-193189 alone. This result is not reflective of EPO levels in anemic CKD patients, which are generally in the normal range or slightly increased, similar to what was seen in the later phase of the modified adenine model. Such 'normal' EPO levels in anemic CKD patients are suggested to be inappropriately low relative to the degree of anemia, since EPO O R I G I N A L A R T I C L E levels are typically 10 to 100-fold higher in anemic patients without kidney disease [56] [57] [58] . Thus, relative EPO deficiency also likely contributed to the anemia in the later time points of the modified adenine model.
In addition to early severe EPO deficiency, another limitation of the modified adenine model is that hepcidin mRNA levels dropped and serum iron levels rose on their own after 4 weeks, thereby limiting the therapeutic window for hepcidin lowering agents. The mechanisms of hepcidin excess in CKD patients are thought to be due to reduced renal clearance and stimulation by inflammatory cytokines [26] . The robust increase in liver pSTAT3 levels in the early weeks of the modified adenine model is consistent with an inflammatory response as the primary driver of hepcidin excess. There was also a small increase in liver pSMAD1/5/8 levels at Week 2, which could be a minor contributing factor to the hepcidin excess. A similar increase in liver pSMAD1/5/8 levels has previously been reported in other animal models of anemia of inflammation [47] . We were unable to quantitate circulating bioactive hepcidin levels in this model because there is no readily available validated rat hepcidin assay. If reduced renal clearance were present, circulating bioactive hepcidin levels could be even higher than reflected by the hepatic hepcidin mRNA levels. Furthermore, hepcidin levels at Weeks 6-8 could still be inappropriately high relative to the degree of anemia, since anemia is a potent hepcidin suppressor [59] . Indeed, mice with a similar degree of anemia have ∼10-fold lower liver hepcidin mRNA levels compared with non-anemic mice [60] . However, relative hepcidin excess was unlikely a limiting factor in the anemia after 4 weeks, given the rise in serum iron above control levels, suggesting that circulating iron was available for erythropoiesis. The persistently elevated spleen iron content and anemia at later time points most likely reflects decreased iron utilization and decreased erythropoiesis as a result of relative EPO deficiency. It is possible that in the setting of ESA administration, iron restricted erythropoiesis would become evident due to relative hepcidin excess, as suggested by one previous study in the original adenine model [43] , and hepcidin lowering agents could have an adjunctive role to ESA therapy in this setting.
Taken together, our data suggest that hepcidin excess and restricted iron availability are not limiting factors for the development of anemia in the modified adenine model, but that the limiting factor was likely EPO deficiency. Future studies will be needed to test whether co-administration of hepcidin-lowering agents such as LDN-193189 will be useful as an adjunctive therapy with ESAs to improve Hb levels while reducing ESA dose in models of anemia of CKD. Future studies will also be needed to develop animal models of anemia of CKD that more accurately reflect the characteristics of human patients with this disease to help further test alternative treatment strategies.
In summary, we have provided the first experimental evidence that lowering hepcidin can increase iron availability for incorporation into RBCs in an animal model of anemia of CKD. By correcting hepcidin excess to allow normal dietary iron absorption and mobilization of iron from body stores, such strategies could be anticipated to reduce the requirement for intravenous iron therapy and high-dose ESAs to improve anemia management in CKD patients.
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